We report nuclear magnetic resonance (NMR) results on water saturated, dense, nano-crystalline YSZ samples (9.5 mol% yttria doped zirconia) which exhibit proton conductivity at temperatures as low as room temperature. originating from protons in the sample interior. For these protons, the analysis of temperature and field dependent spin-lattice relaxation time T 1 points towards diffusion in a confined two-dimensional geometry. We attribute this quasi two-dimensional motion to protons that are mobile along internal interfaces or nanopores of nano-crystalline YSZ.
Introduction
Yttria-stabilized cubic zirconia (YSZ) is well known for being an oxygen ion conductor at elevated temperatures, but its overall oxygen-ion conductivity decreases with a decrease in grain size, because space charge layers hinder the transport of oxygen ions across the grain boundaries. [1] [2] [3] [4] Nano-structured cubic YSZ, however, shows an anomalously high conductivity at room temperature if exposed to a wet atmosphere. This has been attributed to proton conduction. 5 While this phenomenon only occurs in nano-crystalline samples, it is supposed that the enhanced conductivity is based on a grain-boundary mechanism, 6 or transport along internal interfaces and nanopores. 7 We use 1 H-NMR to clarify the transport mechanism of protons incorporated into the dense, nano-crystalline samples. In a similar study Miyoshi et al. reported 1 H-NMR spectra of nano-crystalline tetragonal YSZ pellets. 8 They found interfacial hydrated layers between the nano-crystalline grains of the samples, as a result of the sample preparation. The reported spectra consist of three 1 H-NMR peaks which the authors assigned to surface-terminating hydroxyls, H 2 O molecules that are H-bonded to these hydroxyls and free water molecules. These findings correspond well to the different layers of adsorbed water on cubic YSZ powders reported by Raz et al. The samples investigated by Miyoshi et al. were compacted under ultra-high pressure and showed no macroscopic pores. The density of the samples was, however, significantly lower than the density of our pellets produced by Spark Plasma Sintering (SPS), which showed strong indications for roomtemperature proton conductivity. In this paper we report results based on 1 H-NMR measurements on such hydrated, dense, nano-structured YSZ samples. With 1 H-NMR spectra under static and magic angle spinning (MAS) conditions we can directly probe the local environment and mobility of the protons incorporated into the samples instead of relying on indirect methods. In addition we measured the spin-lattice relaxation (SLR) times at different magnetic fields in a temperature range between room temperature and 110 1C. SLR provides a probe for self-diffusion, as the motion of the probed nuclei introduces temporal fluctuations to the local magnetic field (see, e.g.; ref. 10).
Experimental

Sample preparation
Nano-crystalline powders of 9. 12 Since the atmosphere in the SPS is reducing, the samples were reoxidized in dry air at 650 1C for 2 h. Finally the pellets were ground and polished with a 1 mm diamond-paste finish to achieve a surface roughness of approximately 50 nm. A commercially available 9.5 mol% YSZ single crystal (Crystec) sample was used for comparative measurements.
Water incorporation
The YSZ samples as such were saturated with water by storing them in distilled water at different temperatures (40-70 1C) for several days. The mass increase of the sample exposed to water at 70 1C for 47 h was determined by thermogravimetry (TG); the sample was heated to 700 1C in synthetic air and the mass loss was measured.
NMR measurements
Static 1 H-NMR spectra were recorded at different magnetic fields using the following spectrometers: a Bruker DSX 200 (B = 4.7 T), a Bruker MSL 400 (9.4 T), a Bruker DSX 500 (11.75 T) and a Bruker Ascend 600 (14.1 T). At 11.75 T, a 7 mm MAS probe and a zirconia rotor, at 4.7 T, a 10 mm probe and a glass tube, and at 9.4 T and 14.1 T, a 4 mm MAS probe and a zirconia rotor were used. The sample measured at 14.1 T had to be cut into half to fit into the 4 mm MAS rotor, later in the text named sample 1 (whole sample) and sample 1 0 (half sample). The sample later in the text referred to as sample 2 is identical to sample 1 in chemical composition, density and average grain size. However, the samples are not necessarily identical with regard to their nanostructure. All static measurements were performed on the macroscopic pellets after drying the surfaces and rinsing them with acetone. To avoid any influences of the NMR probe, all measurements were repeated without YSZ samples, and any NMR signal originating from the probe was subtracted from the corresponding sample signal. The same procedure with background subtraction was used for the SLR and MAS measurements. 1 H-NMR-MAS spectra were collected at 9.4 T with a spinning rate of 10 kHz. To perform the MAS measurements, a watersaturated sample was ground, and the resulting powder was placed in the 4 mm zirconia rotor. 1 H spin-lattice relaxation of protons inside the nano-crystalline YSZ pellets was measured with the saturation recovery sequence at 14.1 T, 9.4 T and at 4.7 T. The temperature was varied from room temperature to 110 1C. To determine the spin-lattice relaxation time the spectra of every evolution time of the T 1 measurement were evaluated with pseudo-Voigt functions. The area of each peak was used for the relaxation curves, which could be described well in terms of a single exponential function.
3 Results and discussion
Water incorporation
Fig . 1 shows the TG-signal during heating of a water-saturated sample. To separate the influence of water adsorbed at the surface of the sample, the sample was held at room temperature for 7 h in a flow of synthetic air prior to the heating procedure (region I in Fig. 1 ). The observed subsequent mass loss of 70 mg during heating to 700 1C (region II in Fig. 1 ) corresponds to an average density of hydrogen atoms of E0.4 mol l
À1
. This shows firstly that water was incorporated into the sample and secondly that the number of hydrogen atoms is sufficient for 1 H-NMR measurements. As expected, no mass increase is observed during the cooling process (region III in Fig. 1 ). Hence the mass loss in region II is not caused by a loss of oxygen from the polycrystalline sample.
1 H NMR spectra
The static NMR spectrum of a nano-crystalline 9.5 mol% YSZ shows two distinct peaks that are independent of the applied magnetic field ( Fig. 2 ): one peak at approximately 4.5 ppm (henceforth referred to as peak 1) and the other at approximately 1 ppm (peak 2), both relative to tetramethylsilane (TMS). At room temperature peak 1 has a linewidth of approximately 700 Hz while peak 2 has a broader linewidth of ca. 2500 Hz. The MAS spectrum ( Fig. 2 ) also exhibits only two distinct peaks, confirming that no other peaks are hidden in the broader feature of peak 2 in the static spectrum. The intensity of peak 1 in the MAS spectrum is significantly higher than in the static measurements. The sample material had to be ground into powder to achieve a proper spinning frequency; hence the overall surface area was increased. As peak 1 can be attributed to water molecules on the sample surface (see the following paragraph) this may be an evidence for an equilibrium between the protons inside the sample and those on the surface. No significant proton signal was measured for dry samples. Fig. 3 shows the spectra of a nano-crystalline sample (average grain size ca. 30 nm) and the corresponding 9.5 mol% YSZ single crystal. Both samples were exposed to water for 72 h at 70 1C. The spectrum of the single crystal shows only a single peak (chemical shift 4.5 ppm) at the same position as peak 1 in the spectrum of the nano-crystalline sample and with a similar linewidth but lower intensity than the latter. This peak position is close to the chemical shift of free water at 4.8 ppm. 13 As the same spectrum has been measured on a single crystal as well as a dry nano-crystalline sample only dipped into water, we attribute this peak to water adsorbed on the sample surface. The lower relative intensity of the peak observed for the single crystal compared to that of the nano-crystalline samples may be due to its relatively smaller effective surface as a result of a smaller surface roughness. Peak 2 that was found for the nano-crystalline samples is not present in the spectrum of the single-crystalline sample. As the solubility of water in YSZ single crystals is at least 40 times smaller than in nano-YSZ (which was shown by us using secondary ion mass spectrometry (SIMS) on D 2 O saturated samples 14 ) we can conclude that peak 2 is due to protons located in the ''interior'' of the nano-YSZ samples. Temperature-dependent static NMR measurements between 32 and 62 1C (the measurements were performed in steps of 5 1C) show an increase of the intensity and a decrease of the linewidth of peak 2 with increasing temperature (Fig. 4a) . This effect is reversible (Fig. 4b) , and thus we attribute it to motional narrowing. 13 In contrast, peak 1 looses intensity and broadens with increasing temperature. This effect is irreversible, and therefore we attribute this behavior to the evaporation of a thin adsorbed water film on the surface of the macroscopic sample. This interpretation is consistent with the temperature dependent chemical shift of peak 1 which matches the behaviour observed for free water. 15 The inset in Fig. 4a shows how the linewidth of peak 2 decreases as a function of increasing temperature. The linewidths were obtained by decomposition of the spectra with the help of two pseudo-Voigt functions. As peak 2 at low temperatures is only a weakly pronounced shoulder, the error of the H-NMR spectra of 9.5 mol% nano-YSZ that was saturated with water at T = 50 1C. Both spectra were recorded at room temperature at 9.4 T. A spinning rate of 10 kHz was used to acquire the MAS spectrum. Fig. 3 Comparison between the static 1 H-NMR spectra of a 9.5 mol% nano-YSZ sample and the 9.5 mol% YSZ single crystal. Both samples were exposed to distilled water at 70 1C for three days and the corresponding spectra were recorded at 11.75 T at room temperature. The dashed lines are fits using pseudoVoigt peak shapes to reproduce the spectra. linewidth is significant. For temperatures of 37 1C and higher, peak 2 was clearly visible and the linewidth decreases with increasing temperature. This finding indicates that the protons contributing to peak 2 belong in fact to mobile protons, in accordance with the reported proton conductivity in nanocyrstalline YSZ. 5, 6, 14 Fig. 4b shows the spectra at 32 1C before and after the heating procedure. It is obvious that peak 2 returns to its original shape. But peak 1 shows a lower intensity, shifts to smaller chemical shifts and splits into two peaks, which may be an indicator for a higher amount of tightly bound water molecules on the sample surface after evaporation of the less tightly bound water molecules. All these findings support our interpretation that peak 1, at least partially, originates from a water film on the sample surface and that most of the water on the surface evaporates during heating. In order to assign the two peaks observed in the 1 H NMR spectra we reviewed the literature. Chadwick et al. attributed a peak observed in the 1 H NMR spectrum of nano-crystalline zirconia located at 4.9 ppm to hydroxyl groups bounded to the sample surface, additional peaks observed at 2.7 ppm, 0.7 ppm and 0 ppm were ascribed to organic remains from the sol-gel preparation, as they disappeared after heat treatment. 16 Miyoshi et al. found three peaks in the 1 H-NMR spectrum of nano-crystalline tetragonal YSZ and assigned the peak located at 1.1 ppm to surface-terminating hydroxyls, the peak at 3.6 ppm to water molecules H-bonded to these hydroxyls and the peak at 5.4 ppm to free water molecules. 8 Similar 1 H NMR spectra were reported for mesoporous silica (SBA-15): a peak reported at approx. 1.7 ppm was assigned to hydroxyl groups bonded to the silicon atoms, and broader features measured at approx. 3 pmm and 5 ppm to weakly bonded water molecules and free water, respectively. 17, 18 In the case of nano-crystalline anatase surface-terminating OH-groups were reported at 3.7 ppm, intermediately bonded water molecules at 5.5 ppm and free water molecules at 4 ppm. 19 Except for the case of nanocrystalline zirconia the 1 H NMR studies on nano-crystalline or mesoporous oxides found three contributions to the NMR spectrum, while we observe only two peaks even under MAS conditions and high temperatures. The chemical shift of peak 2 suggests an assignment to hydroxls in comparison to the abovementioned studies. This peak is only observed in the nano-crystalline samples, which have a high relative density, the assignment to hydroxyls seems therefore natural. But IR-measurements on comparable samples did not show any indications for OH-groups. 7 Peak 1, which we attribute to water molecules adsorbed on the sample surface, shows a splitting in two peaks after heating, thus leading to the conclusion that peak 1 could indeed consist of two peaks: one of water molecules or hydroxyl strongly bonded to the surface with a smaller chemical shift of approx. 3.5 ppm and one for weakly bonded, i.e. free water molecules at the chemical shift of approx. 4.7 ppm. Furthermore, if we adopt the assignment made by Miyoshi et al., one cannot rule out that free water molecules or H-bonded water molecules from the sample interior contribute to the intensity of peak 1. At this point we cannot finalize the assignment of the proton signals. However the overall conclusion remains unaffected: as peak 2 is only found in the 1 H-NMR spectra of the nano-crystalline samples and shows motional narrowing these protons are most likely the origin of the reported low-temperature proton conduction in nanocrystalline YSZ.
Spin-lattice relaxation
The spin-lattice relaxation time T 1 is the (temperature-and field dependent) time constant describing the rate of recovery of the longitudinal component of the magnetization vector towards the thermodynamic equilibrium. 15 The underlying dynamic process relevant here is the diffusion of protons. For three-dimensional translational diffusion, T 1 À1 is given by the well-known expression developed by Bloembergen, Purcell and Pound (BPP):
15,20
where o is the Larmor frequency of the NMR experiment and C is a constant. The correlation rate t C À1 , which is directly related to the temperature dependent jump rate t À1 of the atomic diffusion process, is given by:
Here t 0 is the pre-exponential factor, E A is the activation energy, R is the gas constant, and T is the absolute temperature. Based on the BPP-model the plot of log T 1 À1 versus reciprocal temperature exhibits three typical features:
shows a maximum when the correlation rate t C À1 is approximately equal to the Larmor frequency o. The position of the maximum shifts to higher temperatures with increasing frequency o.
(ii) The plot is symmetrical, as the slopes of the lowtemperature flank (ot C c 1) with T 1 À1 p t C À1 and the hightemperature flank (ot C { 1) with T 1 À1 p t C differ only in sign ÀE A /R and E A /R, respectively. (iii) In the high-temperature regime, there is no field dependence of the spin-lattice relaxation rate.
The spin-lattice relaxation rate T 1 À1 corresponding to peak 2 of two nano-crystalline YSZ samples was measured at different magnetic fields (4.7 T for sample 1, 14.1 T for sample 1 0 , and 9.4 T for sample 2) at various temperatures between room temperature and 110 1C (Fig. 5) . In all cases the spectra belonging to the various evolution times of the T 1 measurement were reproduced by two pseudo-Voigt peaks referring to peak 1 and peak 2 and the corresponding peak area was used for the relaxation curves, which could be analyzed by a single exponential function. Through this approach we ensure that the signal of peak 1 does not interfere in the i.e. field dependent, slopes and with increasing magnetic field the maximum is slightly shifted to higher temperatures. For sample 2 (circles in Fig. 5 ) the maximum is strongly shifted to higher temperatures compared to sample 1, which cannot be explained by the frequency dependence of the maximum. This shows that the relaxation behavior varies for different samples.
The only difference between the samples, however, lies within the nano-structure, i.e. the amount and size of nano-pores. The phenomenon responsible for peak 2 is therefore probably not a material characteristic phenomenon like transport in the grain boundaries but more likely caused by different nano-structures of the samples, i.e. different internal surfaces and/or nanopores, which can significantly vary from sample to sample and even in different areas of one sample. However, sample 2 also shows that low-and high-temperature flanks exhibit different slopes.
Other deviations from the symmetric BPP behavior can occur if one assumes a Gaussian distribution of activation energies for example in slightly disordered systems. Measuring spin-lattice relaxation in water saturated Y-doped SrCeO 3 , Maekawa et al. observed an asymmetric temperature dependence of the spinlattice relaxation rates. 21 They achieved a good fit using the BPP model with a Gaussian distribution of activation energies, the centre being set to 66 kJ mol À1 to coincide with conductivity data. But this should neither affect the high-temperature flank nor would a field dependence occur, 22 thus, these effects cannot explain the behaviour shown in Fig. 5 . Guided by our previous experimental findings indicating that protons are mobile only along internal interfaces of nano-YSZ (corresponding to quasi two-dimensional diffusion) 6, 7, 14 we use an empirical model developed by Richards to analyse our experimental data. 23 It considers two-dimensional motion and approximates the spin-lattice relaxation rate by:
The parameters C, t C and o have a meaning analogous to that in eqn (1) . The expression has been successfully used for well known 2D systems. [24] [25] [26] [27] While fitting the data sets obtained at field strengths of 14.1 T, 9.4 T and 4.7 T independently (solid curves in Fig. 5 ) the fit parameters C, t 0 and E A are in good agreement (see Table 1 ). The strong frequency dependence observed in the SLR of sample 1 however, is far bigger than predicted for 2D diffusion. Sample 1 had to be cut into halfs to fit into the 4 mm MAS rotor for the measurements at 14.1 T. This explains the deviation from the 2D model, as the signal of peak 2 orginates from protons within the nanoporous interior of the sample. 7 However, the difference in the slopes of the high-and low-temperature flank and the good agreement of the fit results remain as indications for two-dimensional motion of the incorporated protons, which would be expected for proton conduction in surface-terminating hydroxyls or H-bonded water molecules on them. The obtained activation energies for the motion of protons in nanocrystalline YSZ are comparable to values found in Nafion by Slade et al. also using NMR relaxation experiments. 28 Slade et al. measured the spin-lattice relaxation rate with the inversion recovery sequence and fitted the temperature dependent results with a BPP-based model using a Gaussian distribution of activation energies. They obtained mean activation energies between 43.4 and 60.7 kJ mol
À1
. Their pre-exponential factor t 0 ranges from 10 À23 to 10 À18 s. Their values -as well as ours -are by far too small for an atomic hopping process. But Slade et al. claim that such a behavior ''is typical of liquid-like behavior of adsorbed water and related systems''. 28 However, our temperature range is by far too small to draw any further conclusion, but our values of t 0 show the good agreement of our independent fits.
Conclusion
We investigated proton transport in a water saturated nanocrystalline 9.5 mol% YSZ sample using NMR measurements. 1 H-NMR spectra -under static as well as MAS conditions -only
show two distinct signals. We attribute peak 1 at approximately 4.5 ppm to a thin water film on the sample surface and peak 2 at ca. 1 ppm to protons within the sample, which are not located within the nano-crystalline grains. The temperaturedependent behavior of the linewidth, intensity and spin-lattice relaxation time of peak 2 suggest that this peak originates from mobile protons or protonic defects, moving in a two-dimensional environment in the nano-crystalline YSZ. Since the corresponding single crystal shows no evidence for protons in the interior of H spin-lattice relaxation rate of two water saturated 9.5 mol% nano-YSZ samples (shown as squares for sample 1 and circles for sample 2) at three different magnetic fields (4.7 T, 9.4 T and 14.1 T). The dashed lines refer to BPP-model fits according to eqn (1) , while the solid lines show fits according to the Richards expression (eqn (3)) for 2D diffusion. Table 1 Fit parameters of the 2D-model fit according to eqn (3) of the experimental data in Fig. 5 Field strength/T the material we conclude that the internal surfaces are the only possible pathway for protons in the sample, in agreement with impedance data 6 and IR measurements. 
